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Abstract: Mechanical engineers are consistently challenged with the requirements
posed by contemporary materials machining by using the existing equipment. In this case
determining the cutting conditions becomes an actual problem. This paper offers a response
to that request in the form of micro-machining of thin fullerene film deposited on a glass
plate by using chemical vapor deposition method. Experimental verification of thin fulle-
rene film machinability is conducted on computer numerical control engraving machine us-
ing a diamond scraper. Different values of process parameters are combined to determine
adequate parameters set from groove edge quality aspect. During machining we noticed in-
tensive wear, so one part of our research was directed towards determining the cause of tool
wear. Modern equipment was used for qualitative analysis and near-optimal cutting condi-
tion selection and for analysis of wear debris. The results present a basis for further process
optimization of thin fullerene film micro-engraving and for introduction of cutting condi-

tions in the existing table for well-known materials.
Keywords: Fullerene film, Cutting condition setting, Micro-engraving.

1. INTRODUCTION

Processing parameters are very important dur-
ing machining. The introduction of new contempo-
rary materials has led to an increasing need for their
machining. The real challenge here is to use the ex-
isting methods and equipment for machining these
new materials. This paper presents optimal parame-
ters for engraving one of these new materials, fulle-
rene, on computer-aided engraving machine. En-
graving was done on thin fullerene film. This film
was applied on the transparent float glass using
CVD method.

Fullerene, although a new material, has found
the field of its application. The combination of mi-
cro-engraving and fullerenes can be applied in mi-
cro-fluidic, micro-structuring of the surface, micro-
sensors, etc. Fullerene is the third allotropic modifi-
cation of carbon [1]. It is characterized by a unique
structure and excellent physical and chemical prop-
erties. Some features of fullerenes gave rise to a lot
of ideas for research of its behavior under different
processing methods.
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The main goal of our research in the begin-
ning was to establish the optimal parameters for
machining fullerene film, deposited on glass, with
engraving machine; however, intensive tool wear
was noticed. This tool wear was noticeable with
every combination of the parameters used. A later
stage of our research went in the direction of deter-
mining the cause of the wear. To determine the
cause we examined the wear debris more precisely,
its origin and to do that we used spectral analysis.

Modern equipment was used for qualitative
analysis and rough selection of optimal parameters.
The results represent a basis for further optimization
of micro processing of thin fullerene film.

2. METHODS AND MATERIALS

As already mentioned, fullerene thin film de-
posited onto a glass plate was used in the experi-
ment. Fullerene is applied on glass (PGO, Germany)
using chemical vapor deposition (CVD). Characte-
ristics of glass and deposition methods can be taken
from the literature [2]. Glass was 1.1 mm thick. In
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the range of 0 — 300 °C thermal expansion coeffi-
cient for glass is 84 - 10~7, while the transparency,
in the wavelength range of 380 — 2500 nm, is 92%.
Vapor depositor JEE-400 (JEOL, Japan) was used
for vapor deposition vacuum. The pressure in the
depositor bell-jar, with 240 nm in diameter and with
270 nm of height, was 10” Pa. There are two pairs
of electrodes located in the jars, one of them is

equipped with carriers, while the second pair of elec-
trodes is fitted with fullerene holders.

After applying a thin film of fullerene, the
plate was recorded with the AFM (Atomic Force
Microscopy) in order to determine the thickness of
fullerene film. The measurements were performed in
contact mode, and we used the MicroMasch CSC37
cantilever. Based on Figure 2.1 we determined that
the thickness of fullerene film was 1.3 pm.
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Figure 2.1. AFM analysis of plate with fullerene films in order to determine fullerene ﬁlm thickness

After determining the thickness of fullerene,
the plate was subjected to engraving. Engraving was
performed on the Roland PNC-2300 CAMM en-
graving machine. Thanks to its engraving speed,
high torque motors, enclosed working space, safety
switch and improved mechanical precision, this ma-
chine is one of the more advanced engraving sys-
tems.

We decided to use a tool with a diamond tip,
because diamond has the best qualities that are re-
quired for a cutting tool [3]. This is a cutting tool
type SCD (Single crystal diamond), based on mono-
crystalline diamond. Monocrystalline diamond pro-
vides a wide range of extreme features, including
hardness, friction coefficient and high thermal con-
ductivity. Diamond has a high elasticity modulus,
1000 GPa, compared with e.g. steel with elasticity
modulus of 206 GPa [3]. A consequence of the large
elastic modulus is high specific strength, which
enables a tool to withstand high mechanical forces,
resulting in more accurate processing.

Pictures of a tool tip and engraved grooves
were recorded with an optical system consisting of
Canon SD1000 digital camera, with 7.1 MP resolu-
tion that was placed on KEYENCE VHX-100 mag-
nifying system which gives 1000 times more magni-
fication. Chip that has emerged as the wear product

was examined with the spectrometer Spotlight 400
FTIR Imaging System. This system is based on
FTIR spectroscopy. Fourier transform infrared spec-
troscopy (FTIR) is a technique used to obtain
an infrared spectrum of absorption of various liquid,
solid or gas samples. FTIR spectrometer simulta-
neously collects spectral data in a wide spectral
range. The Spectrum Spotlight Imaging System al-
lows collection of images from extremely small
samples. The mirror system has a wide collection
angle (high numerical aperture) and is highly effi-
cient in collecting infrared radiation for microspec-
troscopy. The Imager includes a camera and a view-
ing system that magnifies the visible-light image of
the sample so that you can see, position, and isolate
a point of interest.

2.1. Fullerene features

The term fullerene encompasses a whole
family of carbon clusters molecules consisting of 12
pentagons and a variable number of hexagons. This
family can be represented by a general formula
Con+20, Where n = 0,2,4,6, ... is a number of hexagons
[1,2]. The most interesting molecule of the family is
fullerene C60, which consists of 60 carbon atoms
arranged in a cage made up of 12 pentagons and 20
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hexagons. These materials have opened a new chap-
ter in the science of materials and thus made room
for further research, especially in the field of biome-
dicine. What makes them attractive are their charac-
teristics based on physical chemistry, such as phase
transformations, photoconductivity, ferromagnetism,
superconductivity and electrical doped forms of
alkaline metals or doped films of carbon C4y and Cy,
at room temperature [1].

In this molecule, there are two typical bonds
between the carbon atoms. One type of the bond that
appears is a single bond length of 0.146 nm, and it
occurs within the pentagon, while the other type of
the bond, a double bond length of 0.139 nm, occurs
between the pentagon and hexagon.

The problem with the fullerene is in very low
solubility in most solvents and the pursuit of aggre-
gation in solution. Solubility of fullerenes can be
achieved by their functionalizing with polar groups -
OH and -COOH, where the most tested are fullerols
and fullerenols with a couple of attached functional-
OH groups.

2.2. Diamond tool

Diamond tools are increasingly used in micro-
nano processing [4]. Tool wear is a very important
factor that affects the surface quality and the eco-
nomic picture of the entire treatment process [5].
Seen from the microscopic scale, tool wear is a re-
sult of the interaction of atoms of the material that
has been processed and atoms from the cutting tools.
It has been shown [4] that there is a very pronounced
friction between these atoms.

Reference [4] states that the highest observed
local temperature, located at the top of the diamond,
is 813 K. This temperature was recorded at 1.43 nm

Table 1. Round per minute: 500

from the tool tip. Energy of sublimation of the car-
bon and silicon atoms decreases with increasing
temperature. Since the energy of sublimation of car-
bon atoms decreases much faster than silicon atoms,
a resulting weakening of C-C bond and therefore
these connections are easier to tear.

The basic mechanism of diamond tool wear is
thermo-chemical wear or tear caused by thermal and
chemical effects. In terms of chemical wear, the
atoms separation from tightly bound diamond lattice
[6] is an important step. When leaving the lattice, the
atom can diffuse into the material which is
processed, it can also be carbonated by combining
with other laid-off carbon atoms or react with oxy-
gen and form CO or CO,. Also, a free atom may
react with the atoms of the workpiece, thus forming
carbides. Presence of unpaired d electrons in the
workpiece will cause the tool wear [6]. These elec-
trons allow disconnecting carbon-carbon relations in
diamond, which is further followed by the formation
of metal-carbon complex. Thus formed complex can
lead to chemical wear of diamond tools. There is a
fundamental relationship between the number of
non-paired electrons, melting point and the crystal
structure.

2.3. Processing modes

To determine the optimal treatment regime of
the fullerene film with a diamond tipped tool, we
varied three parameters, the auxiliary cutting speed
Xy, the speed of rotating the main movements z, and
the tool rpm. Tables 1-3 show the processing modes
that were tested. We engraved the total of 27
grooves so that each groove is engraved in a differ-
ent mode.

Processing mode 1 4 5 6 7 8 9
xy [mm/s] 1 1 1 15 15 15 29 29 29
z [mm/s] 1 30 59 1 30 59 1 30 59

Table 2. Round per minute: 1000

Processing mode 10 11 12 13 14 15 16 17 18
xy [mm/s] 1 1 1 15 15 15 29 29 29
z [mm/s] 1 30 59 1 30 59 1 30 59

Table 3. Round per minute: 10000

Processing mode 19 20 21

22 23 24 25 26 27

xy [mm/s] 1 1 1

15 15 15 29 29 29

z [mm/s] 1 30 59
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After engraving, 27 grooves were examined
under KEYENCE VHX-100 magnifying system
(Series Digital Microscope) to determine the optimal
processing parameters of machining with regards to
the quality of the grooves edge.

3. RESULTS

During the experiment we noticed radial toss-
ing of the machine making it impossible to cut a
straight line. This tossing represents a strong per-
turbing factor during micro machining. Also, it is
important to notice that the tossing occurs no matter
which combination of parameter values is used. We
noticed that this tossing occurs only when the main
movement of the tool is rotational, which leads to a
conclusion: if we want to avoid radial tossing we
must avoid rotational movement of the tool.

Figure 3.1 shows two grooves made with op-
timal cutting mode. Here we engraved grooves in
glass, without a thin fullerene film. The left one was
made with one pass, while the right one is made with
three passes. This figure helped us discover radial
tossing of the machine. Pictures of these grooves
were taken with Spotlight 400 FTIR Imaging Sys-
tem. From this picture we can conclude that the tool
is moving in the coil pattern, which is different than
we expected. This movement may be caused by the

radial tossing of the machine. This groove was not
taken in count for determining the values of optimal
cutting mode because it did not involve the fullerene
film.

After examining all 27 grooves, we concluded
that the optimal values for cutting fullerene film
with diamond tool was 10000 rpm, the optimal
speeds were 30 mm/s for the main movement of the
tool and 15 mm/s for additional movement of the
tool. Figure 3.2 shows the groove engraved with
optimal cutting mode in fullerene film deposited on
glass.

Figure 3.1. Groove made with optimal regime (glass
without fullerene)

Figure 3.2. Groove made with optimal regime (glass with fullerene)

3.2. Wear of diamond tool

Figure 3.3 shows a tip of the diamond tool
ZDC-A2000 (Diamond scraper) which we used in
our experiments. Figure 3.4 shows the same tool tip
after completing engraving, and we can see that
something led to wear of tool tip. This brings up a
question, what caused this wear?

Temperature that occurs during machining, as
well as the length of the grooves [7], were most cer-
tainly the factors causing the wear. The length of the
grooves directly affects the time spent for machin-
ing. The longer the machining, the greater the
chances for wear to appear because a long contact

between the tool and the workpiece leads to higher
temperatures.

Figure 3.3. Tip of a diamond tool ZDC-A2000 before
engraving



Ivana Petrovié, et al., Actual process parameter detrmination for micro engraving. ..

Contemporary Materials, V-1 (2014)

Page 81 of 83

- [/d~200pm

Figure 3.4. Tip of a diamond tool ZDC-A2000 after en-
graving

Paper [6] quotes that because silicon does not
contain unpaired d electrons, silicon cannot be re-
sponsible for tool wear caused by the mechanism of
forming electron complexes. However, silicon is

Figure 3.5. Chip, left - magnifying
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very reactive with carbon atoms at high temperatures
and under high pressures [7]. Products of these reac-
tions are silicon carbides. During machining of glass
with diamond tool, paper [5] quotes that one can
notice continuous chip and also plastic deformation
in glass.

3.1. Spectral analysis of chip

We used spectral analysis to examine the chip
that we noticed. Figure 3.5 shows this chip; the pic-
ture was taken by KEYENCE VHX-100 magnifying
system (Series Digital Microscope).
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Figure 3.6. Ch

Figure 3.6 shows a spectrum of the examined
chip. Characteristic peaks are marked on the figure.
We conducted three measurements and they are
shown in different colors. By examining the charac-
teristic peaks we can determine composition, and
then the origin of the chip. For the analysis database
SDBS, Spectral Database for Organic Compounds
were used. Based on [8—13] and the data from the

Spectrum 1 at -714, -375 (Image[noise reduced] - [ Atmospheric Correction J)_1
Spectrum 2 at -733, -388 (Image[noise reduced] - [ Atmospheric Carrection ])_1
Spectrum 3 at -745, -400 {Image[noise reduced] - [ Atmospheric Correction ])_1

Spectrum
Spectrum
Spectrum

ip spectrum

SDBS we could determine the bonds that occur at
the same wavelengths as the peaks.

After spectral analysis we can conclude that
our chip includes carbon, silicon and oxygen atoms.
Bonds that occur between these atoms are shown in
Table 4. The wavelengths and their characteristic
bonds taken from [8—13] are also shown in the table.
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Table 4. Bonds between atoms

Characteristic
bond

Wavelength on
which peaks
occurs [cm™']

Wavelength on
which characteris-
tic bond occurs
[cm™]

4. CONCLUSION

Because fullerene is a new material, machina-
bility of this material is still unexplored, which
makes it a good candidate for further investigation.
The wear of the diamond tool is also under-
examined [5]. This has to do with a small number of
published papers on quantitative data. In this paper
we investigated machinability of thin fullerene film
deposed on glass with diamond cutting tool on en-
graving machine and showed that no matter which
cutting mode is chosen the wear always occurs. This
wear is not negligible. Wear debris consists of com-
bination of carbon, oxygen and silicon atoms. Some
further investigation may be directed towards ma-
chinability of fullerene deposed on some other ma-
terial than glass.

Long contacts between tool and workpiece
should be avoided, because it may be a cause of
radial tossing of the machine. This tossing directly
affects the quality of engraved grooves, and there is
a lot more room for improvements in the field of
micro engraving that will lead to a better quality of
micro engraving.
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AKTVYEJIHO OAPEBUBAILE I[TAPAMETAPA TTPOLIECA 3A
MUKPOI'PABUPABE ©YJIEPEHCKOI' ®UJIMA

Casxerak: MalnHCKH MHXXEHEPU ce PeAoBHO cycpehy ca 3axTjeBHMa 3a 00pasoM
caBpeMeHHX Marepujasa KopuinhemeM mnocrojehe omnpeme. OppehuBame mnapamerapa
o0page, y TOM cirydajy, ocTaje akryenad npodieM. OBaj paj faje OATOBOP HA jelaH TakaB
3axTjeB. Y THTamy je oOpama TaHKOT (yliepeHCKOr (uiMa HaHENIEHOT Ha CTaKICHY
IUIOYHMIYy METOJOM XEMHjCKOT HamapaBama. Ha KOMIjyTepCcKH YNpaBjbaHO] MALIMHH 3a
rpaBupame, IPUMjEHOM ajlaTa ca J1jaMaHTCKUM BPXOM CIIPOBEIEHA j€ eKCIepUMEHTAIHA
Bepudukanuja moryhHocru obpaljuBama ¢ynepenckor ¢unma. Paziaudure BpUjenHOCTH
nmapameTapa o0paje cy KOMOMHOBaHe y IMJbY YTBphHBama aeKBaTHOT CKyIla IapaMeTapa
ca acreKTa KBaIMTEeTa u3paje uBuile ximjeda. [IpumrkoM odpane miounie npumMjeheHo je
WHTCH3MBHO Xa0ame W Hallle HCTPAXKUBAKLE CE JCIHMM JUjEJIOM YCMjepHWIo M Ka
onpehuBamy y3poka xabama. CaBpeMeHa onpema je KopuinhieHa 3a KBAJTUTATUBHY aHAIU3Y
U TpyOy CeneKuujy ONTUMATHKUX IapaMeTapa U 3a aHalnu3y mpojaykara xabamwa. Pesynratu
Cy OCHOBA 3a JlaJby ONTHMH3ALHjy Ipolieca MUKpooOpaae TaHKOT (ylepeHcKor ¢puima u
yBOhema MpenopyuyeHux BpHjeAHOCTH mnapamerapa y Beh mocrojehy Tabemy 3a mobpo
MO3HATE MaTepHjaje.

Kibyune pujeun: ¢pyneperckn G, mapameTpu o0pae, MUKPOTpaBHparbe.
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